Ascidians, primitive chordates that have retained features of the likely progenitors to all vertebrates, are a useful model to study the evolutionary relationship of chordates to other animals. We have selected the well characterized ribosomal RNA (rRNA) genes to investigate this relationship, and we describe here the cloning and characterization of an entire ribosomal DNA (rDNA) tandem repeat unit from a lower chordate, the ascidian Herdmania momus. rDNA copy number and considerable sequence differences were observed between two H. momus populations. Comparison of rDNA primary sequence and rRNA secondary structures from H. momus with those from other well characterized organisms, demonstrated that the ascidians are more closely related to other chordates than invertebrates. The rDNA tandem repeat makes up a larger percentage (7%) of the genome of this animal than in other higher eukaryotes. The total length of the spacer and transcribed region in H. momus rDNA is small compared to most higher eukaryotes, being less than 8 kb, and the intergenic spacer region consists of smaller internal repeats. Comparative analysis of rDNA sequences has allowed the construction of secondary structures for the 18S, 5.8S and 26S rRNAs.
INTRODUCTION
The genes that code for the three rRNA molecules found in the ribosome from higher eukaryotes are transcribed as a single unit by RNA polymerase I (1, 2). The transcription unit, consisting of the 18S, 5.8S and 26S/28S rRNA genes, is tandemly repeated many times, with copy number per haploid genome ranging from about 50 to 10,000 in different species (3) . Separating each rRNA cistron is a non-coding spacer DNA, termed the non-transcribed spacer (NTS) or intergenic spacer (IGS), which is often made up of smaller internal repeat units (4, 6) . Although rRNA genes are conserved throughout evolution, the rDNA length varies considerably among higher eukaryotes, ranging in size from 7.2 kb in the nematode, Caenorhabditis elegans (7) , to 44 kb in the rat (8) . The major source of variation is length differences in the IGS (9) .
The pioneering experimental work on the secondary structure of ribosomal RNA was carried out on the 16S and 23S subunits off. coli (reviewed in 10). Although the structures of the core regions are conserved in all organisms, the cytoplasmic rRNAs of eukaryotes are larger than those of prokaryotes. This is the result of an initial insertion of blocks of sequence into the rRNA genes and subsequent extension of helices and loops within these blocks (9, 11) . Consequently, these regions have been termed expansion segments (12) . The locations of expansion segments are conserved in eukaryotes, although sequence is not. The original higher eukaryotic secondary structure models, the 18S rRNA from Xenopus laevis (13) and Anemia salina (14) , and the 28S rRNA from Xenopus laevis (12) and mouse (15) , were constructed based on comparative analyses and thermodynamic stability.
The tadpole larva stage of ascidians is considered to be a living representative of the original progenitor to all vertebrates. The relationship of ascidian larvae with chordates is based on the presence of notochord-like cells in the tail, a hollow dorsal nerve cord and a cerebral vesicle (16, 17) . Although the ascidian is one of the more studied organisms in developmental biology (18, 19) , very little is known about the composition and structure of the genome of these animals. We have cloned and characterized an entire tandem rDNA repeat unit from the ascidian Herdmania momus and have constructed secondary structure models for the 18S, 5.8S and 26S rRNAs in order to obtain a better understanding of the phylogenetic relationships between chordates and other eukaryotes. Primary sequence and secondary structure of conserved and divergent regions are compared with known vertebrate and invertebrate rRNA genes. High molecular weight DNA from H. momus (Heron Reef) was digested with different restriction endonucleases (Promega) and satellite DNA from each digest was gel purified (21) . DNA fragments were ligated into the appropriate restriction sites of Bluescript, pSK+ (Stratagene). The recombinant clones were screened using random prime-labelled, H. momus Xbal satellite DNA (8kb). Inserts were hybridized to Southern blotted H. momus genomic DNA to check their authenticity (21) .
Characterization and sequencing of cloned rDNA Two recombinant plasmids, one containing an 8.0 kb PstI insert, designated pHRP75, and the other a 4.4 kb Clal insert, designated pHRC44C, were shown to hybridize to the major satellite band of H. momus DNA. Each insert was restriction mapped and shown to be homologous with the other by Southern blot hybridization (21) . Sequencing of pHRP75 and pHRC44C was performed by the dideoxy chain termination procedure (23) using ssDNA template produced from the pSK + helper phage system (Stratagene). A strategy using a combination of subcloned fragments and nested unidirectional deletions (24) , was used to sequence both pHRP75 and pHRC44C (Fig. IB) . Sequence differences between the two fragments were noted. At least two sequencing reactions were performed for DNA obtained from separate subclones of the same fragment. To ensure no loss of sequence data at the subcloning sites, other clones were constructed to ensure sequence was read through the restriction sites.
Secondary structures for the small subunit were based on the models of Nelles et al. (14) , Gutell et al. (25) and Neefs et al. (26) , and for the large subunit on the models of Michot et al. (15) , Gutell and Fox (27) and Gutell et al. (28) . The H. momus sequence was aligned to identify conserved and divergent regions. Expansion regions that could not be constructed using comparative analysis were determined on the basis of thermodynamic stability (29) .
Genome size and rDNA copy number The genome size of the two populations of H. momus and P. stolonifera were determined by 33258 Hoechst dye fluorescence (Hoeffer Fluorometer) of DNA (30) from a known number of sperm. Sperm, from five individuals, were purified from oocytes and other gonad debris by filtering through 60 /im nylon mesh, counted on a haemocytometer, pelleted by centrifugation at 5000 g for 5 min, and resuspended at 2x 10 9 sperm/ml with sterile sea water. Sperm were then lysed by the addition of an equal volume of NETS, vortexed vigorously, freeze/thawed, and adjusted to the equivalent of 10 8 sperm/ml with the addition of TEN 00 mM Tris-Cl, pH 7.6, 0.1 mM EDTA, 100 mM NaCl). The fluorescence of the lysed sperm samples was measured and related to a standard curve using ng levels of H. momus DNA and 33258 Hoechst dye. The amount of DNA/sperm and hence per haploid genome, was calculated.
rRNA copy number per haploid genome was determined using quantitative filter hybridization with dot-blotted genomic and plasmid DNA using a number of rDNA probes (31) . High molecular weight DNA from the ascidians and pHRP75 were freeze/thawed repeatedly in order to shear the DNA and nick the plasmid, and aliquotted, in triplicate, in the range 6 to 50 ng for the ascidian DNA and 0.5 to 4 ng for pHRP75. XDNA was added to each aliquot so that the final amount of DNA was 100 fig. Samples were alkali denatured and dot blotted following standard protocols (21) . Two random prime-labelled rDNA probes were hybridised to the dot blotted DNA; an Xbal/SacI fragment (18S) and an XhoI/EcoRI fragment (26S), both from pHRP75. Counts hybridizing to each DNA dot were measured and a standard curve was constructed from the hybridization profile to pHRP75. From this curve, genomic copy numbers were determined and related to the amount of DNA on the filter, and hence number of haploid genome equivalents.
Other analyses H. momus (Heron) rDNA probes were used in qualitative Southern blot analysis (21) to compare H. momus (Heron Reef) to H. momus (Middle Reef) and P. stolonifera. Probes used were pHRP75 and the Clal/PvuII IGS fragment from pHRP75. The genomic DNAs were pooled from at least five individuals of each group of animals.
RESULTS

rDNA cloning and sequencing
Digestion of DNA from the ascidian H. momus with PstI, and Xbal, resulted in a single restriction satellite band about 8 kb in size, while digestion with a number of other restriction enzymes generated smaller, more numerous satellite bands (Fig. 1A) . The major satellite was cloned from PstI ( Fig. 1 A) and Clal digested DNA (not shown), checked by hybridizing back onto genomic DNA and restriction mapped. The restriction maps of pHRP75 (PstI fragment) and pHRC44C (Clal fragment) are shown in Fig.  IB .
The complete sequence of an entire rDNA unit was determined from pHRP75 and pHRC44C (Fig. 2) restriction map identify the fragments that were sequenced (Fig.  IB) . The entire 18S rRNA gene was sequenced in both clones and these were shown to be greater than 99% identical. Fragments from pHRP75 were used exclusively to sequence the 3' end of the 26S rRNA gene and most of the IGS, and fragments from pHRC44C were used to exclusively sequence the 5.8S, internal transcribed spacer 2 (ITS 2) and the 5' end of the 26S
gene. In the region where minor differences were observed, the sequence presented is that for clone pHRC44C. Based on sequence similarity with other higher eukaryotes, the putative ends of mature 18S, 5.8S and 26S were determined ( (Fig. 2a) and finishes at the 3'-end of IGS (Fig. 2b) . Each internal repeat within the IGS is depicted by a line change. One set of internal repeats is italicized. Small repeats at the 5' end of the IGS are underlined and italicized.
a GC content of 56.0%. The coding regions of the mature 18S, 5.8S and 26S are 1,803, 155 and 3,566 bp respectively and all three regions have a high GC content ( Table 1 ). The IGS is comprised of a series of tandem internal repeats approximately 100 bp in length flanked at the 3' end by unique sequence and at the 5'-end by an AT rich region containing shorter repeats (Fig. 2B ) . There are 12 copies of the internal repeat present as 2 sets of 6 repetitive elements. Greater than 90% sequence similarity is observed between repeats within each set, while the sequence is approximately 70% homologous between the two sets. Each category of repeat is arranged in alternate fashion with the other resulting in 5 double repeats of 200 bp each. This block is flanked by a single copy of one repeat at the 5'-end and a copy of the other at the 3'-end (Fig. 2B ). (14) , which differs somewhat from a more recent model (26) . The 5' end of the 18S rRNA is presented as a pseudoknot (13, 25) (Fig. 3a) . Helix 3 follows the structure proposed by Atmadja et al. (13) , however the first strand of helix 3 can also basepair with the ssRNA strand between helices 16 and 17, resulting in a shortened helix 17 and an elongated helix 15 (25) (Fig. 5a ). Helix 5 in VI is extended at the base so that (Fig. 2A, B) . Numbering system follows that of Nelles et al. (14) . Compensatory mutations in relation to \te Anemia saJina (14) and Xenopus lae\is (13) (25) model. In V2, the helices are more extensively base-paired and helix 9 closes the terminal loop as in the Anemia model (14) . Although an alternative basepairing of helix 3 shortens helix 17 (Fig. 5a ), other structures that would completely eliminate this helix appear unlikely. Although helix E18-1 follows the Nelles et al. (14) format, the GU noncanonical basepairing in the middle of the helix probably does not exist. Such an internal loop would destabilise the entire helix, resulting in a structure similar to that proposed by Gutell et al. (25) (Fig. 5c) . Helices E19-21, E19-22 and E19-3 of H. momus can alternatively be constructed to form a pseudoknot (Fig. 5b) , as recently proposed (26) . The V5 region, as presented, is similar to that proposed by Nelles et al. (14) . However, more recent models (25, 26) , are structured differently. Although H. momus does not possess compensatory mutations to support either model, the conservation of eukaryotic A-U higher-ordered basepairing (32) as shown in Fig. 5c supports the more recent models.
Secondary structure
5.8S -26S rRNA.
The H. momus 5.8S -26S rRNA model adhered closely to the Michot et al. (15) and Gutell and Fox (27) models. We followed the numbering system of Michot et al. Gutell and Fox (27) proposed a small helix between helices 2 and 3 (Fig. 4a) . The ascidian sequence contains a compensatory mutation in this region, when compared to both vertebrate and invertebrate sequences, and this would support such a model (7, 12, 15, 33) (Fig. 4a) . The basepairing of four nucleotides of ssRNA located between helices 3 and 4 with four nucleotides between helices 7 and 8 (27) contains a compensatory mutation in relation to other animals. Expansion segment Dl is similar to the Michot et al. (15) model with the exception of the absence of a branch at the end of helix 5 (Fig. 4a) . D2 in the ascidian has been constructed to contain one small and two large secondary helices, with the first helix branched into three tertiary helices. Like the Drosphila model (33), the H. momus model does not adhere closely to the proposed three subdomains of the D2 segment (34) . The proposed B helix in the D3 segment (27, 35) , has a base change in H. momus that results in the helix being completely devoid of Watson-Crick basepairing, and is therefore not included in the model. The helix located between helices 15 and 16, as proposed by Gutell and Fox (27) is elongated in H. momus by a compensatory base change in the hairpin loop (Fig.  4a) . Helix 20 in Fig. 4b is arranged in the extended form present in the Xenopus model (helix 28 in Xenopus) (12) . Helices 21 -33, including D4 and D5, appear to fit the Xenopus model more so than the other models. Helix 21 is shortened by 4 noncompensatory base changes and helix 21a which corresponds to helix 30 in Clark et al. (12) has been extended (Fig. 4b) . Because of the presence of helix 21a, helices 22 and 23 are shortened. The more conventional structure (15, 27) is also shown in the D5 region. The helix proposed in the hairpin loop at the end of helix 30 (27) is extended in H. momus. Expansion segment D6 in H. momus is a simple helix similar to that of Xenopus (Fig.  4b) . A compensatory mutation in helix 38 extends the helix and supports the Xenopus model (helix 44). However, the H. momus 26S rRNA sequence can be arranged to fit the Gutell and Fox (27) model in this region (Fig. 5d) . The ascidian sequence contains three compensatory mutations when structured according to Gutell and Fox (27) , supporting that model (Fig. 5d) . D7a arrangement consists of two helices instead of one helix. Noncompensatory base changes prevent the formation of the short helix 46 which is found in the mouse model (15) . a larger terminal loop than in the mouse or general models, resembling the structure found in C. elegans (7) (Fig. 4c) . The expansion segment D8 is similar in structure to other eukaryotes (Y-shaped), however helix 50 is much shorter than all other eukaryote structures previously studied (34). Helix 52 is lengthened as in Xenopus (helix 61). Helices 55 and 56 can be arranged as in Gutell and Fox (27) , resulting in an extended helix 56 and only one nucleotide of ssRNA flanking helix 55. D9 is almost completely lost in H. momus, being only 8 bases in length.
The primary sequence of D10 in H. momus can be arranged most favourably using the hammerhead configuration proposed for Xenopus (12) . D12 is similar in structure to that in the mouse model, but smaller,
Ascidian rDNA comparisons
Genome sizes were analysed for two populations of H. momus and another Pyuridae, P. stolonifera (Table 3 ). These ranged from 0.27 pg/haploid genome in H. momus (Heron Reef) to 0.30 pg/haploid genome in H. momus (Middle Reef) and 0.87 pg/haploid genome in P. stolonifera. The rDNA copy number/genome varied significantly between H. momus populations, with the Heron Reef population containing 2410 copies determined with the 18S probe and 2380 copies with the 26S probe. The Middle Reef population was shown to contain 460 copies using the 18S probe and 350 copies with the 26S probe while P. stolonifera contained 1700 rDNA copies with the 18S probe and 1340 copies with the 26S probe ( Table 2) . The values from the 18S probe are taken to be more accurate since the 26S probe traverses divergent expansion regions, D7b-D10. Hybridization with a random prime-labelled 26S probe will be negatively biased if sequence differences exist within these expansion segments. Qualitative Southern analysis revealed differences in copy number and restriction pattern when comparing the two H. momus populations (Fig. 6, unpubl . results). The IGS is known to be the most rapidly evolving region in the rDNA, with large sequence diversity between closely related species (9, 11). The Clal/PvuII fragment, containing most of the IGS from the cloned rDNA from the Heron Reef population (Fig. 1A) , was radiolabelled and hybridized, under low stringency, to Southern blotted ascidian DNA (Fig. 6 ). Only 0.5 jig of Heron Reef DNA was blotted, while 2 /tg of the other ascidian DNAs were blotted. The IGS fragment hybridized to the rDNA of the Heron Reef population (lanes H), but did not to the Middle Reef population (lanes M) or to P. stolonifera DNA (lanes P). When this filter was reprobed with pHRP75, under stringent conditions, there was hybridization to all species.
DISCUSSION
Morphological and physiological evidence has classified ascidians as members of the phylum Chordata (16) . The combination of •The percentage of genome composed of rDNA repetitive sequence was calculated based on the length of a single repeat being 8 kb.
well characterized developmental features such as mosaic development and a well documented cell lineage (18, 19) , small genome size (36, 37) , and close phylogenetic relationship with vertebrates (16, 17) , suggests that this group of animals is well suited for molecular investigations in development and evolution. Although small lengths of ascidian sequence have been analysed previously (38) , the cloning and characterization of an entire rDNA tandem repeat from the ascidian H. momus is the first molecular analysis of the well characterized rRNA gene family for this subphylum. The rDNA is an ideal gene family to study in regard to evolutionary associations because the rates of molecular change differ between various domains within the rDNA (11) , and therefore can be analysed and applied to a wide range of phylogenetic relationships.
Sequence and H. momus population analysis
The rDNA tandem repeat cloned from H. momus is 7967 bp in size, the second smallest higher eukaryote characterized, with C. elegans being smaller at 7196 bp (7) . Unlike the C. elegans rDNA, the H. momus has an IGS structure similar to vertebrates and Drosophila, being made up predominantly of internal repeats. The IGS size differences which are based on the number of repeats, are responsible for much of the interspecific and intraspecific variation in rDNA length in many species (39, 40) . Southern analysis of//, momus (Heron Reef) genomic DNA ( Fig.  1 A) demonstrates size variation between rDNA tandem repeats. The enhancer and RNA polymerase I promoter function lie within this repetitive DNA region and the promoter and initiation site map to the repeat closest to the 3' end of the IGS (41) . The IGS undergoes rapid sequence changes by molecular drive, which is the process whereby gene variants are spread through a multigene family and eventually through a sexual population, and by the limited constraints on the RNA polymerase I system to coevolve (11, 42) . This rapid coevolution is illustrated by the interspecific incompatibility of rDNA cis-elements and RNA polymerase I complexes from different species, and the lack of consensus sequence (43) . We have shown that an IGS probe from Heron Reef population does not hybridize to the Middle Reef population under low stringency conditions (Fig. 6 ), strongly suggesting very poor sequence similarity between IGSs of the two populations. Interestingly, gametes from these two populations can be interchanged to form normal tadpole larvae (unpublished data).
Secondary structure
The E. coli rRNA models, based on experimentation (10), have allowed the construction of more secondary models that are based on comparison. These comparisons have reinforced and allowed for the refining of the experimental models. Compensatory base changes in the primary structure, leaving the proposed secondary structure intact, not only validate die proposed helix but suggest a conserved role for this helix (9) . A large number of compensatory mutations can be found in the H. momus secondary structure when comparing to either brine shrimp or frog 18S models (13, 14) and the mouse and frog 28S models (12, 15 (27) . The helix situated between helices 2 and 3 contains a U-A basepairing prior to the hairpin loop in all animal models except H. momus, which has a C-G basepair (Fig. 4a ). Another feature of the H. momus model involves the loss of helix B in expansion segment D3 (35) . This highly conserved helix, in order to be maintained in H. momus, would require stabilisation without Watson-Crick basepairing. Helix 50, which leads to expansion segment D8 is truncated in H. momus. In all eukaryotes helix 50 contains approximately 20 basepairs and an internal bulge (34) , but this helix has been reduced to 4 bp in H. momus.
The locations of insertion of expansion sequences are conserved in eukaryotes, although sequence is not. The recent construction of secondary structures from invertebrates (7, 14, 33) is of particular interest because of the insight into the conservation of secondary structures with gross changes in primary sequences within the expansion regions (4). Structural conservation among eukaryotes would suggest a functional role for expansion segments in the eukaryote ribosome that has little dependence on primary sequence. Hancock et al. (33) have shown that the general secondary structure of expansion segments proposed by Michot et al. (15) is conserved in higher eukaryotes. A eukaryotic model for the expansion segment D2 (34) proposes the presence of a consensus structure containing 3 major secondary helices. Both the Drosphila (33) and H. momus models deviate from this in that D2 consists of 2 or 3 secondary helices and a variable number of tertiary helices within those helices (33) .
Although the degree of structural conservation in expansion segments is not as great as in core segments, the evidence from a number of different taxa suggests a function for these regions and thus a constraint on sequence evolution of these segments (34, 44) . Previous claims that expansion elements are functionless and are tolerated by the ribosome because they do not interfere with translation (9) were made without knowledge of structural data from ascidians, fruit fly and nematodes (7, 33) . The expansion domains appear to be coevolving in relation to both size and base composition. Michot and Bachellerie (34) compared the size and base composition of D2 to D8 and demonstrated that all eukaryotes possess a D2/D8 ratio of between 1.25 and 1.5. Although H. momus D2 and D8 expansion segments are similar in base composition (72.6 and 70.1 % GC, respectively), the ratio of D2/D8 differs significantly from other eukaryotes being approximately 3.5, suggesting that the coevolution of these two expansion segments in H. momus might not be coupled in the same manner as in other eukaryotes. Whether size variation is related to base composition, with biased slips or rearrangements occurring at equal rates in different expansion segments, or due to functional interactions of expansion segments within the ribosome (33, 42 ) has yet to be determined. Therefore, specific reasons for the H. momus D2/D8 deviation remain obscure.
Comparison of the expansion segment of the ascidian with other eukaryotes (Table 3 ), shows that H. momus possesses a high GC content as found in other chordates. Limited sequence data from a sea urchin, reveals that the ITSs and D1 segment are also both GC rich (45) , suggesting that the origin of GC rich expansion segments arose in a primitive deuterostome, before chordates diverged from each other and echinoderms. A recent phylogenetic survey using expansion segment D3, correlated secondary structure of subdomains within D3 with metazoan evolutionary relationships (35) . In the two subdomains (II and IV) where vertebrates have a distinctive sequence and folding pattern (35) , the H. momus primary sequence and secondary structure fits well with these chordate-specific structures. H. momus has a smaller proportion of its 26S rRNA composed of expansion segments than other higher eukaryotes, with the exception of C. elegans. It is of interest that both ascidian and nematode embryos develop rapidly and in a mosaic manner (18, 19, 36) , however, a correlation between the small 26S rRNA gene and rDNA tandem repeat size of both these organisms and embryonic processes seems unlikely.
